In acute stroke magnetic resonance imaging, a 'mismatch' between visibility of an ischemic lesion on diffusion-weighted imaging (DWI) and missing corresponding parenchymal hyperintensities on fluid-attenuated inversion recovery (FLAIR) data sets was shown to identify patients with time from symptom onset r4.5 hours with high specificity. However, moderate sensitivity and suboptimal interpreter agreement are limitations of a visual rating of FLAIR lesion visibility. We tested refined image analysis methods in patients included in the previously published PREFLAIR study using refined visual analysis and quantitative measurements of relative FLAIR signal intensity (rSI) from a three-dimensional, segmented stroke lesion volume. A total of 399 patients were included. The rSI of FLAIR lesions showed a moderate correlation with time from symptom onset (r ¼ 0.382, Po0.001). A FLAIR rSI threshold of o1.0721 predicted symptom onset r4.5 hours with slightly increased specificity (0.85 versus 0.78) but also slightly decreased sensitivity (0.47 versus 0.58) as compared with visual analysis. Refined visual analysis differentiating between 'subtle' and 'obvious' FLAIR hyperintensities and classification and regression tree algorithms combining information from visual and quantitative analysis also did not improve diagnostic accuracy. Our results raise doubts whether the prediction of stroke onset time by visual image judgment can be improved by quantitative rSI measurements.
INTRODUCTION
In acute ischemic stroke, treatment decisions are based on the time since symptom onset as a key variable. This essential information is, however, missing in as many as 25% of patients with stroke onset during sleep. 1, 2 The 'stroke patient who woke up' 3 is consequently precluded from thrombolysis in accordance with the international treatment guidelines. 4, 5 Recently, evolvement of signal intensities in fluid-attenuated inversion recovery (FLAIR) sequences of magnetic resonance imaging (MRI) in acute stroke has attracted increased attention as a potential surrogate marker for time since stroke onset. [6] [7] [8] Specifically, a visual mismatch between diffusion-weighted (DWI) and FLAIR MRI has been shown to identify patients likely to be within a time window of 4.5 hours. 9 Although these findings show the specificity of a DWI/FLAIR mismatch as a 'tissue clock' to identify patients potentially eligible for thrombolytic therapy, some limitations of the method remain. Agreement between observers as to the detection of a corresponding FLAIR lesion based on visual assessment varied to some extent in different studies from moderate to almost perfect (k ¼ 0.65-0.97). 7, 9, 10 Also, whereas specificity and positive predictive value (PPV) in predicting ischemic lesions at o4.5 hours were high, sensitivity and negative predictive value (NPV) remained low in previous studies (specificity: 0.78-0.90; PPV: 0.83-0.93; sensitivity: 0.38-0.74; NPV: 0.54-0.70). 6, 8, 10 As a consequence, a considerable number of patients who are in a time window of r4.5 hours and thus may benefit from treatment with thrombolysis are missed by this approach.
Relying on qualitative visual assessment as a rating method of FLAIR images introduces variability and may contribute to low sensitivity and NPV. Judgment of lesion visibility may be influenced by external factors such as rater experience or differences regarding the window-level setup used when displaying the images, contributing to only moderate interobserver agreement. To overcome these limitations, quantitative measurement of relative signal intensities (rSIs) on FLAIR has been proposed, although yielding contradictory results. 6, 7 We studied the value of FLAIR rSI measurement as a surrogate marker of acute ischemic brain lesion age. We hypothesized that adding information from quantitative FLAIR analysis to visual analysis would improve sensitivity and NPV of DWI and FLAIR for the identification of patients within 4.5 hours of symptom onset. To this end, we first identify and describe a group of patients with 'subtle' FLAIR lesions to be distinguished from the previously described groups with 'no' or 'obvious' corresponding FLAIR lesions by visual inspection. Second, we analyze FLAIR rSI within the DWI lesion using a three-dimensional segmentation approach. Finally, we evaluate the potential value of alternative classification algorithms incorporating information from quantitative FLAIR analysis to identify patients within the 4.5 hour time window.
PATIENTS AND METHODS

Patients
We analyzed MRI and clinical data from patients included in the PRE-FLAIR study (PREdictive value of FLAIR and DWI for the identification of acute ischemic stroke patients r3 and r4.5 hours of symptom onset-a multi-center study). PRE-FLAIR was a multicenter observational study evaluating the combined use of FLAIR and DWI for the identification of patients with acute ischemic stroke within 4.5 hours of symptom onset. 11 All patients were studied within 12 hours of witnessed stroke onset. Patient age, gender, side of ischemic lesion, time from symptom onset to MRI, and severity of neurologic deficit on admission assessed by the NIHSS (National Institutes of Health Stroke Scale) were recorded. Details of imaging parameters and clinical characteristics were reported in the original publication. 11 For this secondary analysis, we selected the group of DWI-positive patients previously included in the PRE-FLAIR study (n ¼ 516). No further restriction to stroke lesion territory or lesion size was applied. Patients were excluded in whom postprocessing and quantitative analysis of FLAIR images as described below was not possible because of technical reasons or insufficient image quality. This study has been approved by the local ethics committee (Hamburg, AZ M51/2000). Either written or verbal informed consent was obtained for all patients, as required by local legislation.
Qualitative Analysis of Acute Ischemic Lesion Visibility on Fluid-Attenuated Inversion Recovery
The methods and results from visual rating according to the original study protocol have been reported previously. 11 Briefly described, two independent raters (BC and ME), masked to clinical information, judged whether and in which region they were able to identify FLAIR lesions that correspond to acute lesions on DWI. For the current analysis, visible corresponding FLAIR lesions were further subdivided into 'subtle' or 'obvious' (Figure 1 ). This judgment was based on the subjective evaluation of the corresponding parenchymal hyperintensities in FLAIR. Consensus was obtained in cases of conflicting judgment. Additionally, one observer (BC) assessed for the presence of leukoaraiosis on FLAIR images using an adapted scale of Fazekas and Schmidt. 12 Quantitative Analysis of Fluid-Attenuated Inversion Recovery Signal Intensity Ratio For FLAIR quantitative rSI measurements, DWI, and FLAIR images were analyzed using the in-house-developed software tool AnToNIa (Analysis Tool for Neuro Image Data, Institute for Computational Neuroscience, Hamburg, Germany). For quantitative assessment of FLAIR signal intensity ratios, the FLAIR data set of each patient was registered to the corresponding DWI data set using a rigid transformation, maximization of the mutual information, and linear interpolation. The rigid transformation was used because affine or even nonlinear differences were not expected. After registration, the lesion was segmented semiautomatically in each DWI data set: first, a volume of interest (VOI) surrounding the DWI lesion ('lesion VOI') with a generous margin at each affected slice was manually drawn. A second VOI was then drawn roughly covering the unaffected hemisphere, avoiding sulci and ventricles. This second VOI was then used to calculate the mean (m) and standard deviation (s) of the signal intensities in the DWI data set. These parameters were used for a refinement of the lesion VOI by rejecting all voxels within this VOI exhibiting a signal intensity less than m þ 2s. The retained voxels constituted a new refined three-dimensional stroke lesion VOI ('refined lesion VOI'). This 'refined lesion VOI' was projected onto the contralateral hemisphere ('mirror VOI'). Therefore, the interhemispheric fissure was manually defined by straight lines in two axial slices as distant as possible. These two lines were then used to define a threedimensional plane, which is used to mirror the corresponding refined DWI lesion VOI onto the contralateral hemisphere ( Figure 2 ). All VOIs were visually checked and corrected if necessary, e.g., in case of inclusion lateral ventricles in the 'mirror VOI'. Additionally, we checked for the VOI not to include distal hyperintense vessels in sulci adjacent to stroke lesions.
After this, the two VOIs were used to calculate the mean signal intensities (SIs) within the 'refined lesion VOI' and the 'mirror VOI' using the registered FLAIR data set. Finally, the FLAIR SI ratio (rSI) was calculated by (rSI ¼ SI 'lesion VOI'/SI 'mirror VOI'). Lesion volume was measured from the DWI 'lesion VOI'.
Statistical Analysis
Interobserver agreement for the qualitative rating of FLAIR lesion visibility was calculated. We tested for a linear trend in FLAIR rSI regarding the groups of visually rated FLAIR lesion visibility (no lesion, 'subtle' lesion, and 'obvious' lesion). Group comparisons depending on the visibility of FLAIR lesions were performed using a one-way analysis of variance. A Bonferroni post hoc test was applied to detect significant group differences. The Pearson's w 2 -test was used for group comparison of categorical variables. Groups were also compared regarding each area under the curve of FLAIR rSI for the identification of patients with time since symptom onset r4.5 hours. An optimal cutoff value for FLAIR rSI was determined from the receiver operating characteristic (ROC) curve including all patients by calculating Youden's indices. The correlation between FLAIR rSI and time since symptom onset was calculated using Pearson's correlation coefficient. For further analysis, a decision tree was created using the CART (classification and regression tree) algorithm. CART is a recursive partitioning method that explores the structures of a set of data and visualizes decision rules for predicting a categorical outcome. 13 Binary splits ('nodes') are made on the predictor variables that best differentiate the outcome variable. We used classification inference trees within the 'ctree' function (available in the R package 'party'), which bases its node splitting on statistical tests. 14 In our model, time from symptom onset (r or 44.5 hours) was chosen as the binary outcome variable, whereas data from visual rating of FLAIR signal intensity, FLAIR rSI, and acute DWI lesion volume were used as predictor variables.
Sensitivity, specificity, NPV, and PPV for the identification of patients with stroke onset r4.5 hours were calculated based on visual analysis differing in the classification of patients with 'subtle' lesions: in model 1, subtle lesions were judged as visible (i.e., 'FLAIR-positive'). This 'liberal' rating corresponds to the rating in the original PRE-FLAIR study. In model 2, subtle lesions were judged as absent (i.e., 'FLAIR-negative') as a more 'conservative' rating. Predictive values were also calculated for the best FLAIR rSI Quantitative FLAIR measurements in acute stroke B Cheng et al threshold determined by the ROC curve (model 3) and for six predictive models resulting from CART analysis depending on categorization of patients in individual leafs (models 4-9).
Statistical analysis was performed with the statistical package R (version 2.11.1, R Foundation for Statistical Computing, Vienna, Austria) and SPSS (version 19.0, Chicago, IL, USA). Po0.05 was chosen as the significance level (two tailed).
RESULTS
Of the 516 patients included in the final analysis in PRE-FLAIR, 117 had to be excluded for the following reasons: insufficient image quality for rSI analysis (n ¼ 22), bilateral stroke lesions interfering with measurements of contralateral reference SI (n ¼ 18), and poor alignment of FLAIR and DWI images after rigid registration precluding projection of DWI VOI to FLAIR (n ¼ 77). Quantitative FLAIR measurements in acute stroke B Cheng et al since symptom onset was significantly longer in the 'obvious' lesion group compared with both 'subtle' and no lesion groups. Additionally, patients with no FLAIR lesions were significantly older, had smaller DWI lesion volumes, and had more severe leukoaraiosis compared with patients with 'subtle' or 'obvious' lesions. However, the latter two groups did not differ significantly regarding these parameters in post hoc comparisons.
The frequency of patients with 'no lesion' and patients with 'obvious lesion' showed a clear relation to time from symptom onset ( Figure 3) . In contrast, the number of patients with 'subtle lesion' appeared rather equally distributed across the entire range of times from onset studied.
Across all patients, FLAIR rSI in the acute ischemic lesion showed a relative increase of 11.9% as compared with the contralateral hemisphere (mean FLAIR rSI 1.119; 95% CI 1.108-1.130). A significant linear increase of FLAIR rSI was found among the three groups defined by FLAIR lesion visibility (Po0.001): mean FLAIR rSI was lowest in patients with 'no lesions' (1.073; 1.060-1.085), followed by 'subtle lesions' (1.118; 1.105-1.132), and 'obvious lesions' (1.193 ; 95% CI 1.165-1.220).
The FLAIR rSI showed a moderate but significant correlation with time from symptom onset (r ¼ 0.382, Po0.001) ( Figure 4 ). Looking at the three groups separately, significant correlations between FLAIR rSI and time from symptom onset were found for the 'no lesion' and 'obvious lesion' groups (r ¼ 0.254; 95% CI 0.099-0.38; Po0.001 and r ¼ 0.274; 95% CI 0.093-0.438; P ¼ 0.002, respectively). However, no significant correlation was found in the 'subtle lesion' group (r ¼ 0.12; 95% CI À 0.063 to 0.295, P ¼ 0.45).
The area under curve for FLAIR rSI to identify time from symptom onset r4.5 hours was 0.714 (95% CI 0.663-0.764). The ROC analysis identified a FLAIR rSI of 1.072 as the best cutoff value for predicting the symptom onset r4.5 hours with a Youden's index of 0.317 (see Table 2 for corresponding predictive values). The respective FLAIR rSI cutoff values for time windows of r3 and r6 hours are 1.0751 and 1.0972.
The CART analysis identified visual image categorization and FLAIR rSI as significant predictor of time from symptom onset, whereas DWI lesion volume was not retained in the model ( Figure 5 ). The FLAIR rSI thresholds identified to achieve refined classification were 1.050 for the 'no lesion' group (leafs A and B) and 1.036 for the 'obvious lesion' group (leafs D and E). For the group of patients with 'subtle lesion', no improvement of classification by a FLAIR rSI threshold was found (leaf C). Table 2 summarizes the predictive values for the different prediction models. As compared with the original 'liberal' visual rating algorithm (model 1), the modified 'conservative' visual rating (model 2) clearly increased sensitivity at the cost of a marked decrease in specificity. Prediction by FLAIR rSI analysis using rSI of 1.0721 as cutoff (model 3) resulted in a slight decrease of sensitivity countered by a comparably slight increase in specificity. Similar 'balancing' changes in sensitivity and specificity were observed in models 4-9, where results from CART were used for a variety of possible allocations to a binary ('FLAIR-positive' or 'FLAIR-negative') categorization. Across all predictive models, overall accuracy, i.e., the fraction of correctly classified patients, remained largely comparable (0.55-0.73) with widely overlapping 95% CIs.
For the alternative time windows of r3 hours, predictive values were: 0.54 (sensitivity; 95% CI 0.46-0.62), 0.75 (specificity; 0.70- 
DISCUSSION
To summarize the main results of this study, quantitative analysis of FLAIR relative signal intensities predicted the time from symptom onset r4.5 hours with a similar specificity as visual analysis, therefore validating the latter as an appropriate rating technique. However, contrary to our hypothesis, the addition of quantitative FLAIR signal intensity measurements did not improve sensitivity. Neither refined visual analysis nor quantitative FLAIR analysis nor the combination of both in multivariate predictive models improved identification of patients within the 4.5-hour time window. Observed differences in predictive values between the differing approaches only reflected a 'trade-off' between specificity and sensitivity. Although judgment of a DWI/FLAIR mismatch is straightforward in cases of marked presence of corresponding FLAIR lesions, subtle changes in FLAIR signal intensity pose a challenge to the observer. 15 This is reflected by the poor interpreter agreement for the visual classification of 'subtle lesions'. Previous studies have acknowledged this finding and applied different algorithms to assign these patients to two unambiguous groups of 'obvious' or 'absent' lesions: 6, 7 in the PRE-FLAIR study, patients were classified as 'FLAIR-positive' (i.e., an acute ischemic lesion visible in FLAIR corresponding to a lesion visible on DWI) if any, although subtle, parenchymal hyperintensity was visible, thus subsuming 'obvious' and 'subtle' FLAIR lesions. This 'liberal' rating scheme yielded a specificity of 0.78 and sensitivity of 0.62 for the identification of patients within 4.5 hours of stroke in the original study, and corresponding values of 0.78 (specificity) and 0.58 (sensitivity) in the subgroup included in this analysis. Low sensitivity was identified as a major drawback of this approach, translating into a large proportion of acute ischemic lesions misclassified as 44.5 hours of age. Given the observation that rather subtle hyperintensity can be observed already within the first hours of cerebral ischemic on FLAIR together with the nearly linear increase of T2 signal during the first hours of stroke, 16 we used a refined 'conservative' rating algorithm disregarding subtle FLAIR hyperintensities. This approach resulted in a considerable increase in sensitivity, but countered by a comparable decrease in specificity. Translated into potential clinical applications, this implies an increased number of patients being wrongly classified as r4.5 hours of symptom onset while actually being beyond 4.5 hours and thus beyond the approved time window for thrombolysis; this is an evidently undesirable effect considering the use of DWI/FLAIR mismatch to select patients with unknown time of symptom onset for thrombolytic therapy. As a second approach to overcome the limited sensitivity of the original visual analysis, we tested quantitative analysis of FLAIR signal intensities. However, neither classification based on rSI measurements nor a multivariate classification model combining visual judgment and quantitative analysis resulted in an improvement of overall prediction. The optimal FLAIR rSI threshold identified by ROC analysis resulted in a comparably low sensitivity as the initial visual analysis. Any increase of this threshold to increase sensitivity at the same time results in a decrease in specificity. The same effect was seen for the different predictive models based on CART analysis. Depending on the allocation of the individual leafs partitioned by the algorithm, either sensitivity or specificity was increased, whereas overall accuracy remained largely unchanged.
A low sensitivity of any classification algorithm for the identification of patients r4.5 hours of symptom onset leads to patients being misclassified to the group of patients with late (44.5 hours) symptom onset. In the context of a potential clinical application or clinical trial, these patients would therefore be excluded from a potentially beneficial therapy aiming at an early time window. Low sensitivity stems from a significant number of patients in the time window of r4.5 hours showing visible, i.e., 'obvious' (42/329; 12.7%), or 'subtle' (85/329; 25.8%) FLAIR lesions. This phenomenon can be attributed to the evolution of FLAIR signal intensities after ischemic stroke. In FLAIR sequences, an inversion recovery pulse is applied to null signal from cerebrospinal fluid before measuring a T2-weighted signal. 17, 18 The contributing T2 signal chiefly increases because of net increase in tissue water, i.e., cytotoxic and vasogenicedema after ischemic stroke. 19 Increased T2 signal is noticed within the first 2 hours after stroke, 20, 21 and early visibility of FLAIR lesions have been described in previous studies. 6, 7, 22 In terms of quantitative measurements, T2-signal intensities have shown to linearly increase within the time from stroke onset, 16, 23 but this relationship was not reflected in a strong linear correlation of FLAIR rSI in our study. This might be attributed to the fact that contrary to quantitative T2 measurements, signal intensities of FLAIR sequences are not equally quantifiable because of the application of different inversion recovery pulses. Additionally, FLAIR signal intensities are influenced by irregularly distributed phenomena such as diffuse white matter lesions, and cerebrospinal fluidrelated or T2 shine-through artifacts, as well as sensitivity to patient movement. 24, 25 This is exemplarily shown by patients with FLAIR rSIo 1, where signal intensities were higher in the unaffected hemisphere despite manual correction of VOI positions, an implausible finding if FLAIR SI increase would only result from tissue water increase resulting from cerebral ischemia.
Previous studies using FLAIR rSI measurements for the identification of time from symptom onset have yielded contradictory results: Ebinger et al 6 reported no significant correlation (r ¼ À 0.15; P ¼ 0.128) in 94 acute stroke patients, whereas a significant correlation was found in a study by Petkova et al 7 including 130 acute stroke patients (r ¼ 0.63, Po0.001). In this study, a FLAIR rSI threshold of 41.07 (7% relative increase) predicted time from symptom onset 43 hours with high specificity and sensitivity (0.92 and 0.90, respectively). Interestingly, this threshold is quite close to the cutoff value that we found in our study for identifying patients within 4.5 hours (rSI ¼ 1.072). Another recent study reported a FLAIR SI ratio of o1.15 (15% relative increase) on measurements in the area of brightest FLAIR hyperintensities optimal cutoff to identify patients within 4.5 hours of symptom onset with a PPV of 0.90. 26 Discrepancies in the results of rSI measurement and the predictive value of certain FLAIR rSI thresholds may partly be explained by methodology and patient characteristics. For the purpose of this study, FLAIR lesions were delineated on multiple slices based on back-projected DWI lesions similar to the approach of Petkova et al. 7 However, analysis was performed on data from multiple centers involving a heterogeneous set of FLAIR sequence parameters, which might contribute to a decreased homogeneity of relative FLAIR signal intensities across the entire sample and thus explain a less clear association with time as reported by Petkova et al. 7 Recently, a different approach of FLAIR SI measurements was suggested that measures signal intensities in manually placed ROI corresponding to the area of brightest FLAIR hyperintensity. 26 It is a frequent observation that FLAIR hyperintensities in acute stroke lesions are not evenly distributed but show a rather patchy pattern that may reflect regional heterogeneity of tissue changes. It is not surprising that an analysis focusing on smaller areas within the ischemic lesion with the most intense FLAIR changes results in higher FLAIR SI ratios. Of course, reader-measured SI ratios based on manually placed ROI are observer dependent and prone to variability due to individual differences in ROI placement. Conversely, they can be performed within minutes and thus may be more suitable to be used to guide treatment decisions in the acute setting. This is suggested by Song et al 26 as a pragmatic two-step procedure to evaluate FLAIR to identify patients with unknown time of symptom onset suitable for enrollment in a clinical trial of stroke thrombolysis. [26] [27] [28] The results of our study suggest the conclusions that the accuracy of FLAIR as surrogate marker of lesion age has limitations, which are inherent to either the method or to the sample studied and which cannot be overcome by more sophisticated ways of analyzing images. There appears to be a group of patients in whom the assessment of FLAIR hyperintensities falls short of a temporal allocation of the ischemic lesion no matter whether images are assessed by visual judgment or quantitative analysis. The group of patients with lesions on FLAIR classified as 'subtle' by visual rating was more or less equally distributed over the time range studied. This observation was corroborated by the lack of a significant correlation between FLAIR rSI (r ¼ 0.382) and time from symptom onset and the failure of CART to provide a further classification based on FLAIR rSI measurements in this group of patients.
A closer look at the clinical characteristics of this subgroup might provide some clue as to the reasons for the failure of FLAIR as surrogate marker of lesion age in these patients. However, patients with 'subtle' FLAIR lesions differed significantly from the other two groups only in time from symptom onset, and we detected no variables that exceptionally characterized patients with 'subtle' lesions.
Of note, DWI lesion volume was not retained as a significant parameter in the CART analysis. Ischemic lesion volume has previously been shown to influence the conspicuity of a corresponding FLAIR lesion in visual analysis. [6] [7] [8] [9] Accordingly, Petkova et al 7 integrated lesion size in their classification algorithm, assigning patients with visually rated 'large subtle lesions' to a FLAIR-negative group and vice versa. In our sample, the inclusion of lesion volume into a multivariate classification analysis did not improve classification beyond the results of combined visual and quantitative rating.
The assessment of FLAIR together with DWI as a surrogate marker of lesion age has a profound clinical impact, as this approach might pave the way to an effective treatment of stroke patients with unknown time window, e.g., patients waking up with stroke symptoms. DWI/FLAIR mismatch has been suggested to identify patients with unknown symptom onset likely to benefit from stroke. 8, 9 Just recently, DWI/FLAIR mismatch has been reported to be a frequent finding in wake-up stroke patients. 29 Currently, at least two clinical trials are underway that apply DWI/FLAIR mismatch to enroll stroke patients with unknown symptom onset for treatment with thrombolysis: WAKE-UP, a European, randomized, controlled trial of efficacy and safety of intravenous thrombolysis with alteplase in MRI-selected patients (NCT01525290), and MR-WITNESS, an American safety study of intravenous thrombolysis with alteplase in MRI-selected patients (NCT01282242).
In conclusion, quantitative measurements of FLAIR rSI confirmed the results of visual judgment but did not improve diagnostic accuracy in identifying patients within a time window of 4.5 hours of symptom onset. We identified a group of patients displaying 'subtle' lesions in whom visual categorization remains challenging and is not improved by the addition of quantitative measurements. Given these results, it remains doubtful if prediction of stroke onset time can be achieved by a universal FLAIR rSI cutoff value superiorly to visual judgments. However, quantitative measurements could have a value in supporting visual categorization because of similar specificity for the prediction of the thrombolytic time window. Advanced neuroimaging markers such as quantitative T2 measurements, 16 sodium MR imaging, 30 or T 1r measurements 31 are other possible candidates for imaging surrogate parameters of time since symptom onset, and further studies are needed to test applicability in clinical practice.
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